Low molecular polycarbosilane (PCS) is used as raw material in the fabrication of continuous silicon carbide (SiC) fiber at a relatively low temperature using a low pressure stabilization method with iodine vapor. The low stabilization temperature provides a good environment to use the low molecular PCS for the melt-spun process, which has good spinnability, but also has many difficulties with the conventional oxidation curing method due to the low softening point of PCS. However, SiC fibers fabricated from the low molecular PCS have shown poor mechanical properties. In this study, we are aiming to improve those mechanical properties and fabricate high strength SiC fibers from low molecular PCS using the low pressure stabilization method. The ceramic yield of iodine doped PCS was increased in proportion to the iodine content after stabilization according to thermogravimetric analysis, and exhibits more than twice the tensile strength than fibers fabricated from as-received PCS.
Introduction
Silicon carbide is a representative non-oxide ceramic material which has shown high heat resistance, corrosion resistance, high heat conductivity, low thermal expansion and excellent thermal shock resistance. Therefore, SiC material takes an important role for space-air, energy and military industry due to its above mentioned properties, and is receiving many attentions from the researchers [1−3] . SiC fiber had been fabricated by CVD (Chemical Vapor Deposition) using tungsten wire and carbon fiber as a filament core. However, the resulting fiber had a large diameter and limited its application area. And then, polymer-derived SiC fiber has been developed by Yajima [4] , which has shown very promising outputs from the beginning. The fabrication process consists of several parts such as melt spinning of polycarbosilane (PCS) (1) , stabilization for infusibilization of PCS fiber (2) and firing for conversion from PCS fiber to SiC fiber (3) . For infusibilization, PCS fibers were cross-linked along with oxygen penetration; it causes the better heat resistance on PCS fibers at high temperature [5−8] . Two methods have conducted stabilization of PCS fiber; one is thermal curing which heats PCS fiber around a softening point in the air. Another method is electron beam curing which irradiates PCS fiber in an inert atmosphere. Thermal curing process requires a relatively long time at least 4−8 hours for cross-linking reaction. For electron beam curing, it is not efficient for the mass production of SiC fiber. In this study, we have introduced an iodine curing method under low pressure, which can fully have converted PCS to cross-linked state within 1−2 hours due to superior diffusion rate of iodine into PCS in the low pressure atmosphere. The polycarbosilane was doped with iodine by blending polycarbosilane solution and iodine solution. And then, the iodine doped PCS fiber was cured with 10% of iodine vapor under reduced pressure (1.6 torr) at 180 o C for 2 h. The evaluation of fabricated SiC fiber proceeded in next chapters of this paper.
Experimental

Treatment on Polycarbosilane
In this study, polycarbosilane (PCS) (TBMTech Co. Ltd., Korea) was used as a precursor for fabrication of SiC fiber. The physico-chemcal properties of the PCS precursor were summarized in Table 1 . Analytical grade iodine powder (Daejung Chemical, Korea) was used as the doping element.
Toluene used as a solvent to dissolve PCS and iodine, and each of their solutions was prepared, separately. The iodine dopant solution concentration was 0.3, 0.5 and 1.0 wt% of the amount of PCS, respectively. And then, the mixture of PCS and iodine was heated on a hot plate at 80−100 o C while being stirred with the speed of 85 rpm for 8 hrs. The toluene was evaporated after the reaction between PCS and iodine. Cross-linking process assisted by iodine affected for the molecular weight of PCS, and the average molecular weight was determined by gel permeation chromatography system equipped with Waters 515 HPLC pump, a Waters 2414 refractive index detector. Chemical structure of iodine doped PCS was determined by Fourier transform infrared spectroscopy (FT-IR) analysis equipment (FT/IR-4100, JASCO, Japan). Thermogravimetric analysis has been employed to determine the pyrolysis behavior of the PCS fibers up to 1000 o C with 10 o C/min under nitrogen flow with 20 ml/min (DTG-60H, Shimadzu, Japan).
SiC Fiber Fabrication
Melt-spun PCS fibers were prepared by iodine doped PCS precursor and then, the PCS fiber was stabilized with 10 wt% iodine to the amount of PCS fiber at 180 o C for 2 hours under low pressure atmosphere (1.6 torr). Subsequently, all the stabilized PCS fibers were heat-treated at 1300 o C with the heating rate of 10 o C/min for 2 hours in an argon atmosphere. SEM analysis was used for the surface and cross-sectional imaging analysis of fabricated SiC fibers (SNE3200M (Mini SEM), SEC). Also, EDS has performed the elemental analysis (Si, C, O, I) of fabricated SiC fibers. Tensile strength measurement proceeded with 30 mm length of fibers with 0.5 mm/min speed of extension.
Results and Discussion
It is critical to control molecular weight for high-quality polycarbosilane (PCS) precursor, which has good spinnability, high purity and pore-free [9, 10] . Table 2 indicates some properties of as-received and iodine doped PCSs, those molecular weights are in the range of 2500−2800 Mw. The molecular weight of PCS become larger with increased iodine content. Besides, softening and melting points of PCS precursor elevated with iodine dopant into PCS. However, the very similar value of softening and melting points have been observed despite with different iodine contents. For hardening phenomena, the hardening time was extended with iodine dopant content. Functional group changes of PCS fibers were examined by FTIR analysis before and after iodine doping into PCS precursor (Figure 1(a)-(c) ). And it shows the main stretchings of PCS such as C-H stretching in 2950 cm -1 , Si-H stretching in 2100 cm -1 , Si-CH 2 -Si stretching in 1360 cm -1 , C-H deformation in Si-CH 2 -Si stretching peak, and Si-CH 3 stretching peak in 1020 cm -1 [7] . There were no changes on functional group stretchings for as-received and iodine doped PCS. However, these stretchings were changed after the stabilization process, with most of primary stretchings of PCS were decreased significantly. Commonly, C=O in 1700 cm -1 and Si-OH in 3680 cm stretchings were newly appeared during the traditional thermal curing, which causes defects in final production. In the case of the low pressure curing, those stretchings did not appear newly due to a low oxygen atmosphere in the curing chamber. Figure 2 shows thermogravimetric graphs of as-received and iodine doped PCSs, those have stabilized with 10% of iodine vapor under reduced pressure (1.6 torr) at 180 o C for 2 h. The ceramic yield of iodine doped PCSs was increased in proportion to iodine contents according to thermogravimetric analysis. This improvement for ceramic yield of PCS is related with its increased molecular weight, which resulted from the cross-linking reaction in the PCS by iodine vapor during the stabilization [7, 11] . This cross-linking reaction can be accomplished by conventional thermal curing with oxygen atmosphere, however it needs relatively high temperature around 300°C.
In this experimental work, SEM analysis was performed to observe changes of SiC fiber shapes after the pyrolysis. Figure 3 and Figure 4 indicate cross-sectional and surface SEM images of SiC fibers which are stabilized under low pressure atmosphere using PCS fiber doped with iodine and pyrolized at 1300 o C for 2 h. Overall, all the fabricated SiC fibers a smooth surface and cross section without any crack, cleavage, and pore.
EDS measured compositional analysis on SiC fibers; the fibers were fabricated through stabilization at low pressure atmosphere and pyrolysis of iodine doped PCS fibers. Table  3 shows EDS results of SiC fibers with three different depth of thickness such as core, middle and the surface of the fibers for 4 types of elements (C, O, Si, I). The iodine is distributed more to the core of SiC fibers than its surface. On the other hand, the oxygen is distributed more on the surface of SiC fibers than its core. This tendency on both elements was very similar for all of the fabricated SiC fibers despite different iodine dopant concentration. During the stabilization process in the low pressure atmosphere, the iodine can easily be permeated into PCS fiber, and it forced to start a cross-linking reaction in the PCS molecules at relatively low temperature. It is considered that the average oxygen content of fabricated SiC fibers is lower than commercial SiC fibers with under 10 wt%. Figure 5 shows tensile strength of SiC fiber from asreceived PCS, 0.3% iodine doped PCS, 0.5% iodine doped PCS and 1% iodine doped PCS were 0.53 GPa, 1.1 GPa, 0.7 GPa and 1.15 GPa, respectively. Overall, the tensile strength of fabricated SiC fibers is relatively low compared to commercial SiC fibers due to low molecular weight of PCS, which is used as a precursor to fabricate the SiC fibers in this experimental work. However, the low molecular weight PCS has shown excellent spinnability during the melt-spun process than large molecular PCS. As shown in Figure 4 , the stabilization process under the low pressure atmosphere with iodine vapor can increased the tensile strength of fibers more than twice compared to fibers fabricated from asreceived PCS.
Conclusion
SiC fiber was successfully fabricated by melt-spinning of iodine-doped low molecular polycarbosilane (PSC), through stabilization process under 10 wt% of iodine vapor at low pressure atmosphere. Instead of conventional thermal curing method, the low pressure stabilization can provide a shortening process time, low oxygen content and high mechanical properties in the fibers. The ceramic yield was increased in proportion to amount of iodine doped into PCS without modification on functional groups of PCS and it results comparatively higher tensile strength of SiC fibers after the low pressure stabilization. During the stabilization, cleavage on the main stretchings of PCS appeared dramatically due to accelerated cross-linking in the PCS. Overall, the iodine distributed well to the core while oxygen in a surface of SiC fibers, the oxygen content was much lower than commercial fibers due to the low pressure stabilization under iodine vapor. Therefore, we can fabricate a SiC fiber under the strict control, which has very low oxygen content with high tensile strength in the high temperature.
